Abstract: This paper presents a new low phase noise quadrature voltage-controlled oscillator (QVCO). Coupling phase shifts of 90 • in conjunction with center-tapped capacitor impedance transformers are exploited to optimally couple two VCOs. DC and AC path of the switching and coupling pairs are de-coupled to allow operation in saturation for large oscillation amplitudes. The switching and coupling transistor pairs operate in class-C mode which increases the DC to RF efficiency. Also, these transistors alternate from strong inversion to accumulation region, decreasing the intrinsic device flicker noise. Simulations confirm the superiority of the proposed circuit in comparison with the prior published QVCOs in terms of phase noise performance.
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Introduction
Quadrature LC Voltage Controlled Oscillators (QVCOs) are common parts of many wireless and optical communication systems. In conventional QVCO, quadrature signals are generated by coupling of two identical cross coupled oscillators through four coupling transistors placed in parallel with switch transistors, hence its name P-QVCO. This basic QVCO suffers from severe trade-off between phase-noise and phase accuracy. A modified version of P-QVCO [1] , which employs phase shifters between oscillators, exhibits lower phase noise by making the oscillators to operate at the natural frequency of LC-tanks. However, the phase shifters are power hungry and noisy and thus, the power-normalized phase noise performance will not improve. If coupling transistors are placed in series with switch pairs (S-QVCO [2] ), considerable phase noise improvement is achieved. Although S-QVCOs can exhibit very good FOMs (Figure of Merit), they are incapable of providing very low phase noise, because for large oscillation amplitudes, transistors operate in the linear region for most of their working cycle. Another class of QVCOs employs second harmonic to couple two VCOs [4] . While these QVCOs show very good phase noise, superharmonic coupling is not firm enough and generally suffers from large phase error. In this paper, we introduce a very low phase noise P-QVCO that exhibits lower phase noise in comparison with the above-mentioned QVCOs. A number of circuit techniques are employed to reduce the phase noise in both 1/f 2 and 1/f 3 regions.
The proposed LC-QVCO
The proposed LC-QVCO is illustrated in Fig. 1 (a) , designed by coupling of two LC-tank VCOs. Switch transistors (Ms) in each VCO are cross coupled through Cc1 capacitors. Series combination of Cc1 and Cc2 forms an impedance transformer. Two large resistors (Rb) are added to feed an appropriate DC voltage V bias , in the range of the device threshold voltage V th , into the gates of the switch transistors. During start-up, tail capacitor charges to a positive DC voltage, so the difference between the DC voltages of the gate and the source of switch transistors will be smaller than their threshold voltage. Consequently, cross-coupled transistors are off for most of their oscillation time period, and they are periodically switching on around the peak of the oscillations to restore the lost energy to the tank. Fig. 1 (b) shows the simulated voltage and current waveforms. Large tail capacitor used in the proposed QVCO absorbs all of the tail current white noise components around twice the oscillation frequency that can be down-converted to close-in 
Phase noise performance of the proposed QVCO
As explained in the previous section and demonstrated in Fig. 1 (b) , the switch transistors exhibit spike-like current waveform. This current waveform can be considered as a periodic pulse current with conduction angle of Φ. The DC to RF conversion coefficient of this waveform is:
For example for a conduction angle of π/2, oscillation amplitude is increased by 41%, lowering the phase noise by a factor of two. Indeed, in the proposed circuit, switch transistors operate in class-C mode. The class-C oscillator displays approximately 4 dB phase noise improvement compared to the conventional cross-coupled LC oscillators [3] . To reap the benefits of spike-like current waveforms, coupling circuit is also designed to work in the class-C mode (note to coupling current in Fig. 1 (b) ). If two oscillators are coupled to generate quadrature phases, the expected phase noise is ideally 3 dB lower than that of each stand alone oscillator. However, three side effects may depart the phase noise from its ideal. First, the deviation of the oscillation frequency from the natural frequency of the tanks which can be considered as the reduction in effective quality factor Q of the tanks. Second, the heavy flicker noise up-conversion. Third, additional noise generated by the coupling transistors. These side effects will even be exacerbated if coupling strength between oscillators is increased.
Introducing 90 • phase shifters between oscillators aligns currents entering to the tanks and hence suppresses the reduction of the effective Q [1] . Also, it increases the oscillation amplitude, because the regenerative and coupling current are added in-phase (see Fig. 1 (b) ). So, the first side effect is healed.
In QVCOs, the low frequency noise current of the switching and coupling pairs can slowly modulate the coupling strength, and since the oscillation frequency is very sensitive to coupling factor, any fluctuation on the coupling strength upconverts to close-in phase noise. The sensitivity of the oscillation frequency ω osc to coupling factor m can be derived as:
where θ is coupling phase shift and ω 0 is the tank resonance frequency. As seen in Eq. (2), using a coupling phase shift close to 90 • de-sensitizes the oscillation frequency to the coupling strength and consequently eliminates the phase noise induced by the flicker noise of switching and coupling pairs. This phase shift is also beneficial to eliminate the phase noise arising from tailcurrent flicker noise [5] . Moreover, in the proposed circuit, the switching and coupling transistors alternate from strong inversion region to accumulation region (note to gate-source voltage in Fig. 1 (b) ), which can physically reduce the flicker noise of the transistors up to few gigahertz [6] . It is worthwhile to note that this intrinsic flicker noise reduction cannot be predicted through normal simulations. All in all, normal simulations show that the proposed topology is almost completely insensitive to the flicker noise up-conversion which can be the main phase noise contributor in some other QVCOs, e.g. PQVCO in [2] . Consequently, the second side effect is alleviated too. It can be shown both theoretically and through simulations that coupling transistors do not generate extra phase noise if 90 • coupling phase shift is used. In other words, total phase noise generated by the white noise of the switching and coupling transistors will be constant and independent of the coupling factor. Finally, the third side effect is also cured.
Although QVCOs, as elucidated above, can be banished from all of the above-mentioned side effects by employing 90 • coupling phase shifters, phase shifter realization, per se, is not without trouble. Active differentiators are used in [1] to realize 90 • phase shifters which increase power consumption and design complexity, degrading the power-normalized phase noise. Passive phase shifters are used in [5] , which does not consume extra power, but unfortunately, passive phase shifters load the LC-tank. Simulations show that passive phase shifters even may exacerbate phase noise because of this loading effect. As stated in section 2 and shown in Fig. 1 (a) , in the proposed circuit, an RC-CR passive circuit is exploited to implement phase shifters. In order to mitigate the aforesaid de-Qing effect, tapped-capacitor impedance transformers (Cc1 and Cc2) are used to boost the transformed parallel resistance of the phase shifters across the tank by a factor of (1 + Cc2/Cc1) 2 . Eq. (3) and Eq. (4) show the transformed parallel resistance across the tank and the phase shift provided by each phase shifters, respectively:
where C L is the input capacitance of the coupling pair. These capacitive dividers also decrease voltage swing at the gate of the transistors and hence allow them to remain in saturation for higher oscillation amplitude. This in turn reduces the phase noise, because entering into the deep triode region deteriorates ISF of the switch transistors and reduces DC to RF conversion factor of the current waveforms [3] . In the proposed circuit, transistors are in saturation for the oscillation amplitude smaller than:
Note this value is equal to V th /2 for a simple cross-coupled oscillator.
Simulation results and comparison
Based on the proposed topology, a 4.5 GHz, 1.8 V QVCO has been designed in a 0.18 μm TSMC RF-CMOS process. Table I shows the dimensions and values for the components in the proposed design. Agilent ADS EM simulator is used to take into account the parasitic mutual coupling between inductors. Fig. 2 (a) compares the performance of the proposed circuit to that of other published QVCOs. The FOM is calculated according to the commonly used expression defined in [2] .
The simulated phase error due to 1% tank capacitance mismatch is less than 2 • within the tuning range. In a similar design without the tail inductor the phase error is about 5 • . Simulations show that the tail inductor can be designed to fully desensitize the phase error to tank mismatch at a certain frequency. Phase noise variation is less than 1 dBc/Hz within tuning range. In order to have a fair comparison, PQVCO and BS-QVCO [2] were designed and optimized with the same tank, power consumption and same phase error. The proposed circuit exhibited 6 dB and 9.6 dB lower phase noise at 3 MHz offset and 18 dB and 22 dB at 10 kHz compared to BS-QVCO and PQVCO, respectively. It should be mentioned if BS-QVCO is optimized individually, it can reach good FOMs but it is mainly due to lowered power supply not low phase noise.
To compare the performance of the proposed QVCO, we re-simulated the QVCO in [7] , which employs inductors with Q of 28, i.e. more than two times as high as ours. Simulation results show that, the QVCO in [7] shows higher sensitivity to tank mismatches. Note that due to coupling phase shift close to 90 • , the proposed QVCO exhibits significantly less sensitivity to component mismatches compared to similar counterparts.
Conclusion
A number of circuit techniques are employed to improve the phase noise performance of QVCOs. In the proposed QVCO, the switching and coupling transistors current are shaped to show high DC to RF conversion factor. DC level shifters are used to keep transistors saturated for large oscillation amplitude and to allow transistors to dip into the accumulation region. Also, 90 • passive coupling phase-shifters are employed to couple two VCOs. In order to avoid the de-Qing effect arising from the passive phase-shifters and also to achieve large oscillation amplitude, capacitive impedance transformers are used. Although all of these techniques are not new by themselves, they have never been used together before to optimize the phase noise in QVCOs.
